Introduction
============

Bioactive ceramics actively interact with the biological environment and are able to chemically integrate and form a direct chemical bond with the surrounding bone tissues.[@b1-ijn-10-129]--[@b4-ijn-10-129] Hydroxyapatite and calcium phosphates have received considerable attention for biomedical applications for many years due to their excellent biocompatible properties.[@b5-ijn-10-129]--[@b7-ijn-10-129] But they have poor mechanical properties like low fracture toughness, which creates space to find alternative bioceramics.[@b8-ijn-10-129],[@b9-ijn-10-129] Thus, wollastonite is considered an ideal candidate for artificial bone implants in hard tissue regeneration and bone tissue engineering[@b10-ijn-10-129],[@b11-ijn-10-129] and is also widely used in drug delivery applications.[@b12-ijn-10-129] The formation rate of hydroxyapatite on the surface of the wollastonite proved to be faster than that of any other biocompatible glasses, glass ceramics, and calcium phosphates due to the presence of silicate group which actively takes part in the metabolic processes during bone formation.[@b13-ijn-10-129]--[@b17-ijn-10-129]

Bones are made up of 70% inorganic constituent hydroxyapatite having rod-like-shaped morphology or needle-like morphology with diameter ranges between 25±5 nm. An artificial implant material with the same morphology and a particle size similar to that of natural bone can be a bone regenerative material and is expected to possess more bone-bonding capability than other morphological bioceramics with different morphology.[@b18-ijn-10-129]

Silicon deficiency leads to abnormal bone formation and, during the bone formation, osteoblastic proliferation is enhanced due to the presence of silicon ions. Hence, silicon is found to be an essential trace element for the bone cell activity. Pseudowollastonite was reported to possess good osteoblastic formation. Si ion bonded with calcium ion makes the ionic dissolution easier, thus provides the bond formation between the implant and surrounding bone tissue. Wollastonite is expected to induce osteogenesis by satisfying all these criteria, hence it can be used as an artificial bone implant material.[@b19-ijn-10-129],[@b20-ijn-10-129]

The various synthetic methods employed for the preparation of wollastonite are solid-state,[@b21-ijn-10-129] hydrothermal,[@b22-ijn-10-129] coprecipitation,[@b23-ijn-10-129] and solution combustion synthesis.[@b24-ijn-10-129] The most widely used method for the preparation of wollastonite is the sol-gel method, as the synthesized particles are homogeneous and the particles were found to be in the nano-regime.[@b25-ijn-10-129] In the existing literature, the synthesis of single phase wollastonite at 1,400°C--1,000°C for 24 hours has been reported.[@b26-ijn-10-129],[@b27-ijn-10-129] The synthesis of wollastonite below 1,000°C was not achieved to date. The current study reports that wollastonite was prepared using urea as the fuel at 900°C for 5 hours.

Conventional methods of synthesizing ceramic material, such as the solid-state method, need very high calcination temperature and result in excessive grain growth, leading to the poor mechanical property of the material. Sol-gel combustion synthesis of wollastonite using urea as the complexing agent is a new approach in the preparation of wollastonite. The calcination temperature is reduced to a great extent and hence the present method needs less energy and time. Routine sol-gel method is carried out first and the resultant gel is subjected to a combustion process in the furnace, which results in the formation of the precursor. The precursor is calcined to form the final product, which has a porous structure.[@b28-ijn-10-129],[@b29-ijn-10-129]

In the present work, a modified sol-gel method assisted by combustion process is proposed in order to prepare wollastonite nanoparticles with different morphology which will improve the biocompatibility when placed in simulated body fluid (SBF).

Materials and methods
=====================

Sol-gel combustion method
-------------------------

Stoichiometric ratios of 1 M aqueous solution of calcium nitrate tetrahydrate (SD fine 98%) and tetraethyl orthosilicate (98%; Acros Organics) were taken and mixed with 1 M solution of urea (99%; HiMedia Laboratories), which acts as a complexing agent at the time of gel formation and as fuel during combustion. Nitric acid is used as a catalyst for the hydrolysis of tetraethyl orthosilicate and acts as an oxidizing agent, hence the solution's pH was maintained at 1 by adding concentrated HNO~3~. The above solution was thoroughly mixed by using a magnetic stirrer, and the mixture was heated at 60°C. The pH and temperature favor the formation of a thick, transparent gel. The gel kept aging for 24 hours. The obtained gel was dried at 150°C for 2 hours. The dried gel was decomposed at 400°C, which resulted in a white color precursor. The precursor was calcined at 900°C for 5 hours, which led to the formation of single-phasic bioactive nanocrystalline wollastonite. The acellular SBF was prepared to examine the bioactive behavior of the synthesized wollastonite. The SBF was prepared according to the procedure proposed by Kokobo et al.[@b30-ijn-10-129]

Characterization
----------------

The phase purity of wollastonite and the nucleation of hydroxyapatite were carried out by X-ray diffraction (XRD) analysis by using the Bruker D8 Advance powder X-ray diffractometer with copper Kα radiations (λ=1.5406) over the 2θ range from 10°--80°. The functional groups were identified in the spectral range of 4,000--400 cm^--1^ by the KBr pellet method by using a Shimadzu (TR Affinity 1) Fourier transform infrared (FT-IR) spectrophotometer. A morphological analysis was carried out using an FEI Quanta FEG 200 high-resolution scanning electron microscope. The particle size of wollastonite was analyzed with a JEOL JEM 2100 high-resolution transmission electron microscope (TEM).

Mechanical properties
---------------------

The compression strength was measured according to the ASTM standard D695-02a with a universal testing machine (Instron, USA). The dimensions of the cylindrical specimen were 13 mm diameter and 2 mm thickness of the sample was measured. The compression test was carried out at a loading rate of 1 mm/min, until a maximum reduction in sample height of 80% was obtained.

In vitro bioactivity studies of the wollastonite
------------------------------------------------

To analyze the bioactive behavior of synthesized wollastonite, it was pressed into a pellet of 13 mm diameter and 2 mm thickness.[@b31-ijn-10-129] The pellet was immersed in the SBF for 21 days to check the in vitro bioactivity process (which is the deposition of hydroxyapatite layer). The pellet was soaked in 30 mL of SBF, being replaced every 24 hours to avoid changes in the cationic concentrations. The deposition of the hydroxyapatite layer on the surface of the wollastonite was examined with a powder X-ray diffractometer at an interval of 7 days. Analysis of the pellet surface by powder XRD for its bioactivity was carried out after washing the pellet with deionized water and air-drying the pellet in a hot-air oven at 60°C.

Dissolution studies
-------------------

The quantitative analysis of Ca, Si, and P ion concentrations released from the wollastonite scaffold in the SBF medium was determined with an inductively coupled plasma optical emission spectrometer (PerkinElmer OPTIMA DV 5300 ICP-OES). The samples were analyzed after immersing the pellet for various durations. Three samples were measured for each data point and the results were obtained in triplicate from three separate samples for each test.

Results and discussion
======================

Urea was used as a fuel and complexing agent and it formed calcium ion complexes during the combustion process. Initially urea forms complex with calcium ions and simultaneously the polycondensation of silanol results in the formation of thick gel. The polycondensation process is catalyzed by nitric acid followed by the decomposition process, during which the dried gel was decomposed at 400°C, which initiated the combustion reaction: $$\begin{array}{l}
{\text{Ca}{(\text{NO}_{3})}_{2} \cdot 4H_{2}O + \text{CO}{(\text{NH}_{2})}_{2} + \text{Si} - \text{OH}\underset{400^{\circ}C}{\overset{▲}{\rightarrow}}} \\
\left. \text{CaCO}_{3} + \text{SiO}_{2} + \text{CO}_{2}\uparrow + N_{2}\uparrow + H_{2}O \right. \\
\end{array}$$

The exothermic reaction took place very rapidly and liberated a large amount of gases and favored the formation of calcium carbonate and silica after the combustion process.[@b32-ijn-10-129]

When the sample was calcined at 900°C for 5 hours, the calcium carbonate and silica formed the calcium silicate: $$\left. \text{CaCO}_{3} + \text{SiO}_{2}\rightarrow\text{CaSiO}_{3} \right.$$

FT-IR spectra
-------------

The FT-IR spectra ([Figure 1](#f1-ijn-10-129){ref-type="fig"}) of the wollastonite shows a broad band in the region 3,500 cm^−1^ and 1,639 cm^−1^ by the stretching and the bending vibration of O--H groups due to the moisture content of the sample. The FT-IR spectra ([Figure 1b](#f1-ijn-10-129){ref-type="fig"}) of the precursor shows a band at 1,381 cm^−1^ due to the C=O stretching vibration of the calcium carbonate phase. The peak at 868 cm^−1^ was due to the CO~3~^2^ ions of CaCO~3~. The broad band at 1,092 cm^−1^ was observed due to the formation of amorphous silica. This indicates the formation of a calcium carbonate phase and amorphous silica after the combustion process. The spectrum did not display the bands at 868 cm^−1^ after calcination and 1,381 cm^−1^, which shows that calcium carbonate and amorphous silica got converted into single-phasic wollastonite. The bands occurred in the region of 1,067 cm^−1^, which was because of the Si--O--Si stretching vibration, and 892 cm^−1^, which was due to Si--O--Ca groups. The band near 515 cm^−1^ was due to the rocking vibration of the Si--O bond. The strong peaks of [Figure 1a](#f1-ijn-10-129){ref-type="fig"} indicates the single-phasic wollastonite without any secondary phases.[@b33-ijn-10-129],[@b34-ijn-10-129]

XRD analysis
------------

The powder XRD pattern ([Figure 2](#f2-ijn-10-129){ref-type="fig"}) of the calcined wollastonite powder indicates pure single-phase wollastonite. The XRD pattern is indexed according to the standard JCPDS card no 00-043-1460. The average crystallite size of wollastonite was calculated by using the Scherrer formula, and the particle size was found to be in the range of 30--40 nm. The lattice parameter values calculated by using the XRD pattern were found to be a=15.4089 Å, b=7.3258 Å, and c=7.0685 Å.

Scanning electron microscope observation
----------------------------------------

The scanning electron microscope images ([Figure 3](#f3-ijn-10-129){ref-type="fig"}) of the wollastonite show the particles were heterogeneous in nature. At lower magnification ([Figure 3A](#f3-ijn-10-129){ref-type="fig"}), the particle size was found to be in the range of 50--100 µm and was irregular in shape. At higher magnification ([Figure 3B](#f3-ijn-10-129){ref-type="fig"}), sample morphology was observed as a needle-like structure.

TEM observation
---------------

TEM micrographs ([Figure 4A](#f4-ijn-10-129){ref-type="fig"}) and high-resolution TEM micrographs ([Figure 4B](#f4-ijn-10-129){ref-type="fig"}) of synthesized wollastonite sample confirm the needle-like morphology with a mean particle size of 25--28 nm in diameter. The average length of the particles fell in the range of 0.2--0.5 µm. The interplanar distance taken from the zone axis along the direction (−2 0 2) was measured to be 3.319 Å. The needle-like morphology provides a high surface area, hence the synthesized compound may possess higher bioactivity.[@b35-ijn-10-129]

XRD analysis of wollastonite after immersion in SBF
---------------------------------------------------

The ceramic material was expected to be bioactive, and this was proved by immersing it in the SBF and analyzing its surface periodically for the biomineralization process. The temperature of the human body has to be maintained throughout the in vitro bioactivity studies, hence the temperature was maintained at 37°C. The primary factor required for the bioactive surface is that, when it is immersed in SBF to nucleate the hydroxyapatite on its surface, it should have the chemical composition similar to that of human bone's inorganic constituent. If the ceramic compound possesses good in vitro bioactivity, then it is assumed to have a good bone-bonding capability during implantation.

The sintered pellet was soaked in SBF for 21 days and the surface of the pellet was characterized with powder XRD to analyze its bioactivity in terms of deposition of hydroxyapatite. After 21 days, it was found that the XRD pattern ([Figure 5](#f5-ijn-10-129){ref-type="fig"}) of the wollastonite pellet showed the intensity of the diffraction peaks corresponding to wollastonite becoming less intense, and there was the appearance of a small hydroxyapatite peak after 7 days' immersion in SBF, which is shown in [Figure 5a](#f5-ijn-10-129){ref-type="fig"}. The hydroxyapatite peak is indexed according to the JCPDS file no 01-072-1243. The XRD pattern ([Figure 5b](#f5-ijn-10-129){ref-type="fig"}) of the surface taken after soaking in SBF for 14 days shows that the intensity of hydroxyapatite was more prominent than the wollastonite peaks. After 21 days of immersion, almost the entire surface of the wollastonite pellet was covered by the crystalline hydroxyapatite layer, and the intensity of the wollastonite peaks appeared to be very low and the intensity of hydroxyapatite peaks was very high, as shown in [Figure 5c](#f5-ijn-10-129){ref-type="fig"}.

The kinetics of hydroxyapatite nucleation of the synthesized sample depends on the scale factor of the compound. Scale factor plays a crucial role in fast deposition of hydroxyapatite layer. Nanocrystalline needle-shaped wollastonite provides the maximum number of nucleation sites for the deposition of hydroxyapatite crystals (shown in [Figure 6](#f6-ijn-10-129){ref-type="fig"}). This is due to high surface energy of the grain boundary, leading to the rapid deposition of hydroxyapatite crystals.[@b36-ijn-10-129],[@b37-ijn-10-129]

[Figure 7A and B](#f7-ijn-10-129){ref-type="fig"} shows scanning electron microscope images of a cross-section of the scaffold after hydroxyapatite nucleation. The change in surface morphology of the scaffold was observed after 21 days due to the nucleation of hydroxyapatite on the surface of the scaffold. The upper surface of the scaffold was completely covered by the continuous and dense layer of hydroxyapatite. The morphology of the nucleated hydroxyapatite was irregular agglomerated particles.[@b38-ijn-10-129] [Figure 7C](#f7-ijn-10-129){ref-type="fig"} is the energy dispersive X-ray spectroscopy pattern of wollastonite scaffold after immersion in SBF for 21 days. It was found that, besides Si and Ca peaks, the pattern for phosphorous appeared in the spectrum, indicating the formation of hydroxyapatite on the top surface of the scaffold.[@b39-ijn-10-129]

Release of ions in SBF
----------------------

[Figure 8](#f8-ijn-10-129){ref-type="fig"} shows the variations of Ca, Si, and P ion concentrations after soaking in SBF for different time periods. After 7 days' immersion, the Ca ion concentration in the SBF decreased, which reveals that the Ca ion in the SBF was consumed for the hydroxyapatite deposition, and it decreased gradually after the 14th and 21st days. As for the P ion concentration of SBF, it decreased after 1 day of immersion. The bioactivity of silicate-based materials indicates that the presence of PO~4~^3−^ ions in the composition is an essential requirement for the development of an hydroxyapatite layer, which consumes calcium and phosphate ions. Si concentrations increase with the increase in the duration of the incubation.[@b40-ijn-10-129]

Compressive strength
--------------------

The compressive strength was determined from stress--strain curves by applying load until the scaffold was crushed. A typical compressive stress--strain curve of the ceramic samples is provided in [Figure 9](#f9-ijn-10-129){ref-type="fig"}. The mechanical response shows an early abrupt descent, with stress values increasing until a maximum was reached. It is evident that, as the test progressed, the sample started to be crushed. Eventually, the sample densification occurred and, due to this phenomenon, some of the tested samples did not even break. The wollostonite appears with needle-like morphology and it provides higher compressive strength.[@b41-ijn-10-129] The maximum compressive strength for the prepared scaffold was determined as 343 MPa.[@b42-ijn-10-129]

Conclusion
==========

The method adopted for preparing wollastonite required less processing time and the calcination temperature was reduced from 1,200°C to 900°C. Wollastonite was prepared by using urea as the fuel for the first time and the calcined product was found to be highly single-phasic without any secondary phases. The morphology of wollastonite crystals were found to be needle-like in structure and the diameter of the crystal fell in the range of 25--28 nm, which mimics the natural human bone mineral hydroxyapatite. Needle-like morphology plays a significant role in the in vitro bioactivity process.
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![Fourier transform infrared spectra of (a) wollastonite and (b) precursor.](ijn-10-129Fig1){#f1-ijn-10-129}

![X-ray diffraction pattern of wollastonite prepared using urea as the fuel by sol-gel combustion method.](ijn-10-129Fig2){#f2-ijn-10-129}

![Scanning electron microscope images of wollastonite.\
**Notes:** (**A**) At lower magnification. (**B**) At higher magnification.](ijn-10-129Fig3){#f3-ijn-10-129}

![TEM (**A**) and high-resolution TEM (**B**) images of wollastonite.\
**Note:** Arrow (**B**) specifies the particular magnified portion of the TEM image and its d spacing value.\
**Abbreviation:** TEM, transmission electron microscope.](ijn-10-129Fig4){#f4-ijn-10-129}

![In vitro bioactivity of wollastonite scaffold after different immersion periods.\
**Notes:** (a) 7 days. (b) 14 days. (c) 21 days.](ijn-10-129Fig5){#f5-ijn-10-129}

![Nanocrystalline wollastonite enhances the hydroxyapatite deposition.](ijn-10-129Fig6){#f6-ijn-10-129}

![Normal view and cross sectional view of wollastonite scaffold after hydroxyapatite.\
**Notes:** Normal (**A**) and cross-sectional (**B**) SEM images of surface of the wollastonite scaffold after hydroxyapatite nucleation. (**C**) EDS spectrum of wollastonite after hydroxyapatite deposition.\
**Abbreviations:** EDS, energy dispersive X-ray spectroscopy; SEM, scanning electron microscope.](ijn-10-129Fig7){#f7-ijn-10-129}

![Ion concentrations in the simulated body fluid solution after soaking with the wollastonite scaffold for various durations.](ijn-10-129Fig8){#f8-ijn-10-129}

![The compression stress--strain curve of wollastonite.](ijn-10-129Fig9){#f9-ijn-10-129}
